Geometric descriptors were used to describe variation in cranial shape within and among populations of the echimyid rodent Thrichomys apereoides from localities in northeastern, central, and southeastern Brazil. Variation in shape based on dorsal, ventral, and lateral views of the skull, as inferred from contribution of uniform components and partial warps, was attributable to localized rather than global changes in morphology of the skull. Each view of the skull showed characteristic variability in shape among populations and provided different perspectives on patterns of geographic variation. The lateral view of the skull provided the most information content in terms of populations that share similarity in cranial shape and continuity over geographic space.
Description of patterns of variation in morphological or genetic characters within and among populations is fundamental for defining boundaries of independent evolutionary units in nature. An important initial step in recognizing such evolutionary units is identification of groups of populations that share morphologic traits and geographic continuity over geographic space (Carleton 1988; Myers et al. 1989; Patton and da Silva 1997; Patton and Smith 1990) . In systematic mammalogy information that allows recognition of such units has classically been derived from analysis of variation in the form of the skull, an important structure that harbors the trophic apparatus, * Correspondent: sfreis@unicamp.br brain, and sense organs (Hanken and Thorogood 1993; Herring 1993; Voss et al. 1990 ).
In studies of geographic variation based on skull morphology, one question of interest is, how do observed patterns of variation in cranial shape yield insight into organization and structure of variation within and among populations. Traditionally, this task has been accomplished by using multivariate statistical techniques applied to distance measurements (see Marcus 1990 for review). Recently, however, a powerful statistical framework for describing the morphological organization and change in complex morphological structures, such as the mammalian skull, has been provided by the development of statistical formalism of geometric morphometrics (Bookstein 1991 (Bookstein , 1996a (Bookstein , 1996b Dryden and Mardia 1998; Kendall 1984 Kendall , 1989 Monteiro et al. 2000; Rohlf 1996 Rohlf , 2000 Rohlf and Marcus 1993; Rohlf et al. 1996; Small 1996) . Data for description of shape and analysis of shape variation under the geometric framework come from morphological landmarks: points of correspondence on each individual structure that are homologous between and within populations (Dryden and Mardia 1998) . The quantified shape of a given biological object is then a function of relative positions of its digitized landmarks (Rohlf 2000) . Spatial relationships inherent in the landmark configuration are expected to provide a more accurate approximation to spatial patterns generated by the process of morphogenesis than do linear distance measures, which lack spatial relationships (Rohlf 2000) . Indeed, the biomathematical unifying principle of geometric morphometrics is the hierarchical description of shape processes on global and localized scales (Bookstein 1996a ). This formalism therefore provides an appropriate modeling framework for describing shape and shape variation as the result of morphogenetic mechanisms.
The geometric-morphometric approach has already been successfully applied to investigate 2 aspects of morphological variation in the echimyid rodent Thrichomys apereoides, namely, the dynamics and scale of changes in cranial shape during postnatal ontogeny (Monteiro et al. 1999 ) and patterns of variation in mandibular shape among populations (Duarte et al. 2000) .
The genus Thrichomys belongs to the rodent family Echimyidae, subfamily Eumysopinae (Patton and Reig 1989; Woods 1993) , and the single currently recognized species T. apereoides ranges from northeastern Brazil to Paraguay and Bolivia. Throughout its distribution, T. apereoides inhabits xeric and rocky environments in the Caatinga and Cerrado biomes of Brazil and in the Chaco biome of Paraguay and Bolivia (Anderson 1997; Mares et al. 1985; Moojen 1952; Streilein 1982; Woods 1993) . Distribution of T. apereoides is closely associated with the diagonal belt of open vegetation that extends along a northeasternsouthwestern axis between the Amazonian and Atlantic forests (Vivo 1997) .
In this paper geometric shape descriptors are derived for dorsal, ventral, and lateral cranial views of individuals sampled from northeastern, central, and southeastern Brazil. The geometric descriptors are used to determine the contribution of global and localized components to observed variation in cranial shape, and they are also used to determine whether each of the 3 views of the skull is equally informative with respect to patterns of geographic variation and to assess their usefulness for identifying groups of populations that share morphological traits and geographic continuity.
MATERIALS AND METHODS
Samples.-Specimens examined are housed in the collections of mammals at the Museu Nacional, Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil. All specimens of T. apereoides analyzed were adults, as defined by Moojen et al. (1988) on the basis of patterns of dental eruption and wear. Samples used in this study represent collecting sites ( Fig. 1) as indexed by coordinates given in Appendix I. Museum catalog numbers for examined specimens are also given in Appendix I.
Morphological landmarks.-Two-dimensional landmarks, assumed to be homologous from individual to individual, were identified for the dorsal, ventral, and lateral views of the skull (Figs. 2a-c) and described as follows. Dorsal view: 1-anterior extremity of suture between nasals; 2-anteriormost point of suture between nasals and premaxillary; 3-suture between nasal, frontal, and premaxillary; 4-suture between nasals and frontals; 5-suture between antorbital bridge of maxillary and frontal; 6-suture between maxillary and jugal in zygomatic arch; 7-suture between jugal and squamosal in zygomatic arch; 8-tip of posterior process of jugal; 9-suture between frontal, parietal, and squamosal; 10-suture between frontals and parietal; 11-suture between parietal, occipital, and posterior process of squamosal; 12-posteriormost point of occipital. Ventral view: 1-anterior extremity of suture between nasals; 2-anterolateral extremity of incisive alveolus; 3-suture between premaxillary and maxillary on outline of skull (on photographic plane); 4-anteriormost point on premaxillary in incisive foramen; 5-anteriormost point on maxillary in incisive foramen; 6-intersection between anterior end of premolar and mandible; 7-suture between maxillary and parapterygoid plate; 8-anteriormost point in mesopterygoid fossa; 9-lateralmost point in suture between presphenoid and basisphenoid; 10-suture between jugal and squamosal; 11-tip of posterior process of jugal; 12-suture between squamosal, alisphenoid, and tympanic; 13-point where suture between basisphenoid and basioccipital contacts tympanic bulla; 14-anteriormost point of foramen magnum; 15-posteriormost point of occipital. Lateral view: 1-anterior extremity of suture between nasals; 2-anteriormost point of suture between nasals and premaxillary; 3-point of intersection between premaxillary and posterior end of incisor; 4-suture between premaxillary and maxillary in outline of skull (on photographic plane); 5-suture between premaxillary, frontal, and antorbital bridge of maxillary; 6-suture between frontal and maxillary; 7-suture between frontal, parietal, and squamosal; 8-anteriormost point of suture between maxillary and jugal (on zygomatic arch); 9-anterior process of squamosal; 10-tip of posterior process of jugal; 11-point at posterolateral intersection between squamosal and alisphenoid; 12-posteriormost region of bulla intercepting basioccipital; 13-suture between parietal, temporal, and occipital; 14-posteriormost point of occipital.
Each skull was placed parallel to the focal plane under a Pixera digital camera system (Pixera Corporation, Los Gatos, California), and xand y-coordinates of each landmark for dorsal, ventral, and lateral views of the skull were obtained using tpsDig software (F. J. Rohlf, http:// life.bio.sunysb.edu/morph).
Geometric morphometrics and multivariate statistical analyses.-Landmark configurations for all specimens in each view of the skull were superimposed and aligned by a generalized Procrustes superimposition procedure that scales, translates, and rotates the configurations to minimize the summed squared distances between corresponding landmarks (Rohlf and Slice 1990) . This superimposition produces a modified data set of coordinates that locate each spec-imen in a shape manifold (a high-dimensional curved surface-Dryden and Mardia 1998).
For shape variation and covariation to be studied by linear multivariate statistical techniques, specimens must be projected from nonlinear shape space into a linear tangent space (Rohlf 1999 (Rohlf , 2000 . There are several methods available to project from curved to tangent shape space. In this paper we use the thin-plate spline and uniform-component approximation developed by Bookstein (1991 Bookstein ( , 1996c . This technique models shape transformations as if 1 of the landmark configurations (the reference) lay on the surface of a thin, infinite metal plate. The function deforms the plate to transform the reference configuration onto another (''target'') configuration and minimizes the energy needed to bend the metal plate. A between-point bending energy matrix is generated, and eigenvalueeigenvector decomposition of this matrix yields a vector space (principal warps) where shape differences can be projected, and localized shape differences can be described by a set of scores (partial warps). The matrix of partial-warp scores for a sample can be analyzed by standard multivariate techniques (Rohlf 1996) . The computational steps of this technique have been extensively described in Bookstein (1991 Bookstein ( , 1996a Bookstein ( , 1996c and Rohlf (1996) , and these works can be consulted for further details.
Landmark configurations were used to compute consensus configuration for dorsal, ventral, and lateral views of the skull for population samples of T. apereoides as the grand mean of aligned specimens from all populations for each of the 3 views, based on orthogonal generalized least-squares Procrustes procedure (Rohlf and Slice 1990; Figs. 2a-c) . This average configuration for each view of the skull represents the point of tangency between exact nonlinear shape space and the approximating linear space (Rohlf 1996) . Using the grand mean shape as a reference, each specimen is described as a deviation from the grand mean over all populations in each view of the skull separately. Three matrices of partial-warp scores (the W matrix-Rohlf 1996) were produced, 1 for each view. The dimensionality of the partial warps, which describe changes in shape at localized scales, depends on number of landmarks according to 2p Ϫ 6 for p 2-dimensional landmarks (Rohlf 1996) . Dorsal, ventral, and lateral views of the skull have 12, 15, and 14 landmarks, and therefore 18, 24, and 22 partial warps were derived for each view of the skull, respectively.
Given the 2-dimensional nature of the landmark data, 2 uniform components of shape variation were calculated by the linearized Procrustes method proposed in Bookstein (1996c) . The uniform components measure global shape changes affecting shape of the skull as derived from the set of landmarks used in this study. Software used for geometric morphometric analyses was TPSREGR version 1.08 (F. J. Rohlf, http://life.bio.sunysb.edu/morph).
Matrices of partial-warp and uniform-component scores were structured according to populations, and canonical variate analysis was used to describe geographic variation in cranial shape within and among populations of T. apereoides. A separate analysis was performed for each view of the skull. As remarked by Rohlf et al. (1996:347) , assumptions of multivariate normality and homogeneity of within-group covariance matrices underlie the construction of canonical axes and impose restrictions on inferential approaches to canonical variate analysis (Krzanowski 1989; Krzanowski and Radley 1989) . Here, we construct confidence regions around population centroids for canonical axes, using parametric bootstrap theory recently developed by Ringrose (1996) for canonical variate analysis. The parametric bootstrap procedure is based on the N(x i , ) distribution, where x i is the vector ⌺ of means for the ith population group, and iŝ ⌺ the unbiased estimate of the pooled within-group covariance matrix. Cholesky factorization was applied to in the simulation of 1,000 replicatê ⌺ data matrices (Von Zuben et al. 1998) . For each replicate matrix, bootstrap analogs were obtained for sample group vector means and for within-and between-group sum of squares and product matrices. Canonical variate analysis was performed to yield bootstrap eigenvalues and eigenvectors. Variances and covariances of sample centroids on canonical axes were estimated over all replicates, and the chi-square distribution was used to construct 95% confidence regions by applying formulae provided by Krzanowski (1989) . Computations for the parametric bootstrap were numerically formulated and computationally implemented in MATLAB, as described in Von Zuben et al. (1998) .
Partial warps computed with the thin-plate splines and the uniform components (Bookstein 1996b; Rohlf 1996) calculated for all 3 views of the skull of the populations of T. apereoides sampled in this study were combined into the W matrix. These shape variables were then subjected to parametric bootstrap canonical variate analysis (Ringrose 1996; Von Zuben et al. 1998) in order to assess dispersion of populations in the reduced space of canonical axes. Canonical axes were visualized in shape space by multivariate regression of partial-warp and uniformcomponent scores on canonical variate scores .
RESULTS
Global and localized components of cranial shape variation.-Landmark configurations were used to compute consensus configuration for the dorsal, ventral, and lateral views of the skull for population samples of T. apereoides as the average of the aligned specimens for each of the 3 views, based on the orthogonal generalized least-squares Procrustes procedure (Rohlf and Slice 1990; Figs. 2a-c) . This average configuration for each view of the skull represents the point of tangency between exact nonlinear shape space and the approximating linear space (Rohlf 1996) .
For all 3 views of the skull, canonical variate analysis for the partial warps and uniform components combined gave results similar, in terms of ordination of populations and the variation explained by the 1st and 2nd canonical axes, to those obtained using the partial-warp variables alone. The uniform component therefore does not contribute to the observed pattern of variation in cranial shape among populations of adult individuals of T. apereoides.
The above finding, based on adult T. apereoides, differs from that reported by Monteiro et al. (1999) in a study of postnatal ontogenetic changes in skull shape based on morphological landmarks for the ventral view of the skull similar to those used in this study. The latter authors found that both the uniform components, which describe global changes, and the partial warps, which describe localized changes in different scales, make a substantial and statistically significant contribution to shape change in the skull of T. apereoides throughout ontogeny. In particular, the uniform component manifests itself as a global, lateral compression of the skull during ontogeny in T. apereoides (Monteiro et al. 1999) . On the other hand, Duarte et al. (2000) have shown that global aspects of variation in mandible shape among adult T. apereoides were negligible, whereas localized aspects of shape, measured by partial warps, contributed most to the observed variation.
That only localized changes in shape are observed among adult individuals is not completely unexpected. Mathematical models of morphogenesis (Crampin et al. 1999; Murray 1990 Murray , 2000 Murray et al. 1994; Oster et al. 1980; Sekimura et al. 1999 ) as well as evidence from developmental genetics (Bronner-Fraser and Sternberg 2000; Dean 1996; Oster et al. 1988; Wolpert 1996) indicate that during ontogeny, specific molecular and cellular developmental events can exert different levels of control on variation in shape of morphological structures. In particular, early events in morphogenesis may affect the shape of a structure globally, whereas later events may change the shape of a structure locally on different scales (Atchley and Hall 1991; Atchley et al. 1992 ). This may account for the fact that the sole morphogenetic events captured by the geometric morphometrics analysis of T. apereoides in our study were the localized changes in adult cranial shape.
Canonical variate analysis of cranial shape variation.-Dispersion of populations for only the first 2 canonical axes is shown (Figs. 3-5 ) because additional axes did not improve resolution of the ordination of populations in canonical space. Changes in cranial shape associated with these canonical axes were displayed by regression of partial-warp scores onto canonical axis scores . In these deformations warpings between landmarks represented dilations or compressions in various locations and directions in the 2-dimen- sional dorsal, ventral, and lateral views of the skull (Figs. 3-5) .
Centroids for the 20 population samples of T. apereoides were plotted for the first 2 canonical axes, and the estimated bounds of variation in cranial shape in the 3 views of the skull were given by the 95% confidence ellipses, derived from a simulation of 1,000 replicate data matrices used in the parametric bootstrap (Figs. 3-5) . Partitioning of variation in shape for the first 2 canonical axes for the 3 views of the skull is given in Table 1. In the dorsal view variation explained by canonical axis 1 is only about 50% larger than that explained by canonical axis 2, whereas for the ventral and lateral views canonical axis 1 accounts for over 3 times as much variation as that explained by canonical axis 2. For the dorsal view the major pattern of variation among T. apereoides samples is the extensive overlap in shape of the dorsal view of the skull along the 1st canonical axis, with the exception of the sample from locality 16 (Palmeiras), which was discriminated along the 2nd axis. Shape changes in the dorsal view of the skull implied by variation along the 1st canonical axis showed that populations with positive scores on the 1st axis had wider nasals (distal displacement of landmark 3), a narrower zygomatic arch (proximal and posterior displacement of landmarks 6 and 9), and longer frontals and parietals (posterior displacement of landmarks 6 and 9; Figs. 3a and 3c). Populations with negative scores have the opposite shape differences with respect to the average configuration (Figs. 2, 3a, and 3b) .
For the ventral view of the skull, the 1st canonical axis separated a tight cluster of populations (localities 2 and 4-13) sampled from an area from southern Ceará to northern Alagoas, from a looser cluster that included localities 14-20 in the states of Bahia, Minas Gerais, and Goiás (Figs. 1 and  4) . Samples from localities 1 and 3, at the (Fig. 4) . This axis explained a minor amount of variation compared with the 1st canonical axis, and therefore variation in skull shape along this axis was not interpreted.
Changes in skull shape for the ventral view associated with the 1st canonical axis indicated that populations from localities 14-20 with positive scores had a longer snout (indicated by a contrast between landmarks 1 and 3, and between landmarks 3 and other snout landmarks), a wider zygomatic arch (distal displacement of landmarks 10 and 11), a smaller tympanic bulla (contrast between landmarks 12 and 13), and a longer foramen magnum (contrast between landmarks 14 and 15; Figs. 4a and 4c). Populations from localities 2 and 4-13 with negative scores had shape differences opposite to those of the average configuration (Figs. 2, 4a, and 4b) . The populations from localities 1 and 3, with scores on the 1st canonical axis close to 0, were similar in shape to the average configuration (Figs. 2b and 4) .
For the lateral view of the skull, the 1st canonical axis produced a sharp separation between the populations at localities 1-13 and those from localities [14] [15] [16] [17] [18] [19] [20] . Shape changes in the lateral view of the skull, implied by the 1st canonical axis, showed that populations from localities 1-13 with positive scores had a relatively longer premaxillary (contrast between landmarks 5 and 6) and a smaller temporal (contrast between landmarks 13 and 14; Figs. 5a and 5c). Shape characteristics of populations from localities 14-20 with negative scores on the 1st canonical axis were opposite (with respect to the average configuration) to those described for populations from localities 1-13 (Figs. 5a and 5b ).
DISCUSSION
The 3 views of the skull provide distinct perspectives on cranial shape variation and on organization of morphological variation among populations of T. apereoides from a range of localities sampled in this study. The dorsal view of the skull proved uninformative. Variation in skull shape, as measured by partial warps, did exist within and among populations, although the major pattern that emerged from the dorsal view of the skull showed continuous morphological variation that was unrelated to the geographic origin of the populations (Figs. 1 and 3 ). On the other hand, for the ventral and lateral views of the skull, variation in cranial shape among the populations sampled is geographically structured (Figs. 1,  4 , and 5), although the level of resolution, in terms of defining groups of populations sharing common patterns of cranial shape and geographic continuity, differed in the 2 views of the skull.
For ventral view of the skull, populations sampled from localities 1 and 3, at extreme northern and southern ends of the state of Ceará, appear as morphological intermediates between the 2 major groups of populations. In lateral view of the skull, these 2 populations join a major group of populations representing localities in the states of Ceará, Paraíba, Pernambuco, and Alagoas. The lateral view of the skull therefore clearly defines 2 groups of populations that share morphological features of cranial shape, as revealed by geometric descriptors, and geographic continuity: 1 group composed of populations from localities 1-13 and the other composed of populations from localities 14-20 (Figs. 1 and 5) .
The observed patterns of shape and variation in shape in a complex morphological structure like the adult skull are the result of mechanisms and processes that operate at different scales compared with those on which the patterns are observed. Thus observed variability depends on scale of description (Levin 1992; Levin and Pacala 1997) . This expectation was borne out here. Geometric descriptors of shape provided by partial warps, together with canonical variate analysis, demonstrated that each view of the skull had characteristic variability and therefore provided different levels of resolution for defining groups of populations sharing morphologic similarity and geographic continuity.
This finding for a morphological system is analogous to the well-known result for molecular systems where systematic and evolutionary information content of molecules varies within and among regions of a given molecule (Li 1997; Yang 1996) . A model framework comparable with that for molecular systems is not yet available for morphological systems that involve changes in shape of complex morphological structure like the skull. The question of which region(s) of a given morphological structure carry the most information content is, therefore, an empirical issue. Consequently, it could not have been anticipated that the lateral view of the skull would display the highest information content with respect to patterns of geographic variation in T. apereoides. In the companion paper (dos Reis et al. 2002) , geographic units of T. apereoides identified on the basis of patterns of variation in lateral cranial view are assessed in terms of observed morphological discontinuities and sampling gaps.
RESUMO
Descritores geométricos foram usados para descrever a variação na forma craniana dentro e entre populações do roedor equimídeo Thrichomys apereoides amostradas de localidades no nordeste, centro e sudeste do Brasil. A variação na forma baseada nas vistas dorsal, ventral e lateral do crânio, inferida pela contribuição dos componentes uniformes e deformações parciais, foi devida à mudanças localizadas ao invés de mudanças globais na morfologia do crânio. Cada vista do crânio apresentou variabilidade característica na forma entre as populações e resultou em diferentes perspectivas com relação aos padrões de variação geográfica. A vista lateral do crânio mostrou-se a mais informativa com relação as populações que compartilham semelhança na forma craniana e continuidade de distribuição geográfica. nal, Rio de Janeiro) for allowing access to specimens. S. M. S. Franco and S. M. Vaz (Museu Nacional, Rio de Janeiro) kindly helped with the specimens, S. Hyslop reviewed the language of the manuscript, and J. R. Somera helped with the line drawings. This work was funded by the Fundação de Amparo à Pesquisa do Estado de São Paulo, Brazil (grant 99/06845-3). F. J. Von Zuben and S. F. dos Reis are partially supported by research fellowships from Conselho Nacional de Desenvolvimento Científico e Tecnológico (Brazil). L. C. Duarte was supported by a doctoral scholarship from Conselho Nacional de Desenvolvimento Científico e Tecnológico.
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